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It has been suggested by theoretical works that equal-spin triplet pair correlations can be generated
in Josephson junctions containing both a ferromagnet and a source of spin-orbit coupling. Our recent
experimental work suggested that such triplet correlations were not generated by a Pt spin-orbit
coupling layer when the ferromagnetic weak link had entirely in-plane anisotropy (N. Satchell and
N.O. Birge, Phys. Rev. B 97, 214509 (2018)). Here, we revisit the experiment using Pt again as
a source for spin-orbit coupling and a [Co(0.4 nm)/Ni(0.4 nm)]×8/Co(0.4 nm) ferromagnetic weak
link with both in-plane and out-of-plane magnetization components (canted magnetization). The
canted magnetization more closely matches theoretical predictions than our previous experimental
work. Our results suggest that there is no supercurrent contribution in our junctions from equal-spin
triplet pair correlations. In addition, this work includes the first systematic study of supercurrent
dependence on Cu interlayer thickness, a common additional layer used to buffer the growth of the
ferromagnet and which for Co may significantly improve the growth morphology. We report that
the supercurrent in the [Co(0.4 nm)/Ni(0.4 nm)]×8/Co(0.4 nm) ferromagnetic weak links can be
enhanced by over two orders of magnitude by tuning the Cu interlayer thickness. This result has
important application in superconducting spintronics, where large critical currents are desirable for
devices.
I. INTRODUCTION
Artificial superconducting - ferromagnetic (S -F ) hy-
brids have been an area of intense research effort for over
a decade due to the new physics which arises when super-
conducting pair correlations traverse the exchange field of
a ferromagnet [1–6]. Of particular interest is the study of
equal-spin triplet pair correlations (the ms = ±1 triplet
components), which in Josephson junction experiments
penetrate further into the F layer than the spin-singlet
and ms = 0 triplet component, due to the two electrons
propagating in the same spin band [7–12]. Experimen-
tally, equal-spin triplets are generated reliably in S–F’–
F–F”–S Josephson junctions, where the F’, F” “spin-
mixer layers” mediate the conversion of singlet to triplet
pair correlations [13].
Several theoretical studies have shown that spin-orbit
coupling can act to convert spin-singlet correlations into
equal-spin triplet correlations, potentially removing the
need for ferromagnetic spin-mixer layers in Josephson
junctions [14–29]. Recent experimental studies show
modification to the standard S -F proximity effect in the
presence of additional spin-orbit coupling layers [30–33].
However, our own attempt to propagate an equal-spin
triplet supercurrent through a Pt/Co/Ru/Co/Pt Joseph-
son junction (with spin-orbit coupling at the Pt/Co in-
terface) showed that, at best, the singlet-triplet conver-
sion efficiency by spin-orbit coupling in that system is
very poor [34]. Comparing the experimental conditions
to the theoretical predictions, one major shortcoming in
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our previous experiment was that the in-plane F layer
chosen (a Co/Ru/Co synthetic antiferromagnet) did not
satisfy the theoretical criteria that the F layer need have
magnetization both in- and out-of-plane [16, 21].
This work revisits our Josephson junction experiment
[34], employing [Co/Ni]n/Co multilayers where the rema-
nent magnetization (Mr) in-plane (IP) and out-of-plane
(OOP) obeys the condition M IPr ≈ MOOPr ≈ 0.5Ms,
where Ms is the saturation magnetization. This con-
dition can be referred to as canted magnetization. Thus,
the canted [Co/Ni]n/Co multilayers more closely satisfy
theoretical predictions [16, 21] than our previous work
[34]. Josephson junctions are fabricated to compare the
transport properties of; S–N–F–N–S and S–NSOC–F–
NSOC–S, where S is Nb, F is the [Co/Ni]n/Co multilayer,
N is Cu and NSOC is Pt, which has been shown in previ-
ous works to have strong Rashba spin-orbit coupling with
Co due to broken inversion symmetry [35–37]. For com-
parison, S–F’–F–F’–S Josephson junctions are studied
where the F’ layer Ni is known to be a good spin-mixer
layer for the generation of equal-spin triplets [38].
Multilayers of Co/Ni are of interest for spintronic ap-
plications such as spin-transfer torque memory (STT-
MRAM) [39], due to their favorable properties of high
spin polarization (up to 90% [40]) and large perpendic-
ular magnetic anisotropy [41]. In a previous Josephson
junction study, this material proved to be a good can-
didate for propagation of equal-spin triplet supercurrent
[38]. Due to high spin-polarization in the Co/Ni sys-
tem, the short-ranged supercurrent components (namely,
spin-singlet and ms = 0 triplet component) are strongly
suppressed, and signatures of equal-spin triplets are clear
from the greatly enhanced Josephson current.
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FIG. 1. Magnetic characterization of the sheet film sample S–Pt(4.5)–[Co(0.4)/Ni(0.4)]×8/Co(0.4)–Pt(4.5)–S. (a-c) Magnetic
hysteresis loops acquired at a temperature of 10 K with the applied field oriented (a) out-of-plane, (b) at 45◦ to the plane
and (c) in-plane. The diamagnetic contribution from the substrate has been subtracted. Values of M are calculated from the
measured total magnetic moments and areas of the samples, and the total nominal thicknesses of the Co and Ni layers. The
uncertainty in M is dominated by the area measurements (different portions of the sample were used for (a,b) and c), and is
less than 5%. (1 kA/m = 1 emu/cm3).
II. METHODS
The films are deposited, patterned and measured us-
ing identical methodology to our previous work [34].
A Quantum Design MPMS3 magnetometer is employed
to characterize sister sheet film samples at 10 K. Elec-
trical transport is performed on patterned Josephson
junctions using a conventional four-point-probe mea-
surement configuration at 4.2 K, employing the low
noise electrical transport system described in refer-
ence [42]. Layer thicknesses (in brackets) are in
nm. The bottom superconducting electrode is a mul-
tilayer [Nb(25)/Au(2.4)]3/Nb(20) which grows consider-
ably smoother than single layer Nb of comparable to-
tal thickness. The bottom electrode, layers comprising
the junction, and a capping bilayer Nb(5)/Au(15) are
grown without breaking vacuum. After definition of 6
and 12 µm diameter circular Josephson junctions by pho-
tolithography and ion milling, the top Au(15) layer is ion
milled in situ with the deposition of the top supercon-
ducting electrode, Nb(150).
III. MAGNETIC CHARACTERIZATION
Further magnetization data are available in the Sup-
plemental Materials [43], where careful characteriza-
tion of the reorientation from out-of-plane (OOP)
to in-plane (IP) magnetization is mapped in a set
of samples varying the Co thickness S–Cu(2.5)–
[Co(dCo)/Ni(0.4)]×8/Co(dCo)–Cu(2.5)–S. It was found
that dCo = 0.2 nm samples show strongly out-of-plane
magnetization, consistent with previous work [38]. Tun-
ing the Co thickness allowed us to find the reorienta-
tion transition from predominant OOP to IP magnetic
anisotropy. We find when dCo = 0.4 nm, the multilayers
are at the cusp between predominant OOP and predom-
inant IP magnetization and that by dCo = 0.5 nm the
magnetization lies predominantly IP. For this study, we
choose dCo = 0.4 nm for Josephson junctions which is
right at the reorientation transition, since this is the best
candidate for the magnetization to be canted.
The magnetization versus field data are shown in Fig-
ure 1, for a S–Pt(4.5)–[Co(0.4)/Ni(0.4)]×8 /Co(0.4)–
Pt(4.5)–S sheet film sample at 10 K. The choice of Pt
thickness here is dictated by the transport measurements
to follow, although we do not find any difference in the
magnetic response by varying the Pt layer thickness from
2.5 nm to 4.5 nm. For all measured applied magnetic field
orientations, the sample displays hysteresis loops which
are characterized as neither being typical easy axis or
hard axis loops, with remanent magnetization (Mr) in
all field orientations equal to just under half the satura-
tion magnetization.
The magnetization vs field data suggests the
[Co(0.4)/Ni(0.4)]×8/Co(0.4) multilayer cannot be de-
scribed by the Stoner–Wohlfarth model of a single do-
main ferromagnet, since there is no obvious easy axis.
Therefore the hysteresis of our samples is due to the for-
mation of domains. Previous work suggests that the do-
main size of Co/Ni multilayers of similar total thickness
is 100 nm [44]. Our own characterization suggests that
the size of individual domains in our samples are be-
low the size resolution of our magnetic force microscope
(≈ 50 nm). The measurements presented here are unable
to distinguish between a remanent state where the indi-
vidual domains are at a canted angle, and a remanent
state where individual domains point in either the IP or
OOP direction and contribute to a net magnetization in
the direction of applied or set field. We believe since
the Mr values in each measured field orientation are so
similar and the film thickness was chosen to be at the
OOP-IP reorientation transition that the former case is
more likely.
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FIG. 2. The critical current, Ic, is plotted vs the ap-
plied in-plane field for a representative circular Joseph-
son junction of diameter 6 µm and structure S–Pt(4.5)–
[Co(0.4)/Ni(0.4)]×8/Co(0.4)–Pt(4.5)–S measured in (a) the
as-grown magnetic state, (b) after ex situ applied field of
300 mT OOP, (c) after ex situ applied field of 300 mT at
45o to the plane, and (d) after in situ applied field of 300 mT
IP. The inset in (d) shows the same dataset over the complete
measurement range. Lines through the data are a guide for
the eye and the uncertainty in determining Ic is smaller than
the data points.
IV. ELECTRICAL TRANSPORT
By measuring the I –V characteristic as function of
applied magnetic field and extracting the critical cur-
rent (Ic) assuming the resistively shunted junction model,
the Ic(B) ‘Fraunhofer’ patterns for each Josephson junc-
tion are determined. Figure 2 shows Fraunhofer patterns
for the sample S–Pt(4.5)–[Co(0.4)/Ni(0.4)]×8/Co(0.4)–
Pt(4.5)–S measured in (a) the as-grown magnetic state,
(b) the magnetic state after applied OOP field of 300 mT,
(c) the magnetic state after applied field of 300 mT at
45o to the plane, and (d) the magnetic state after ap-
plied IP field of 300 mT. The IP field can be applied in
situ with our measurements at 4.2 K. After the applied
saturating field, we warm the sample through Tc in or-
der to remove trapped flux. The OOP and 45o fields are
applied ex situ at room temperature using a permanent
magnet. Figure 1 (d) suggests that the sample’s rema-
nent magnetization will remain aligned in the direction
of the saturating field.
As Figure 2 shows, the as-grown state generally gives
a less well defined Fraunhofer pattern due to the stray
fields of the multi-domain state. Application of saturat-
ing magnetic field improves the domain structure and in
some cases the peak Ic value increases as a result. This
Imaxc can easily be determined for our junctions by read-
ing from the graphs of Ic(B). This value (from whichever
measured magnetic state gives the largest Imaxc ) is used
to determine the IcRN product of critical Josephson cur-
rent times normal state resistance plotted in Figure 3.
Due to the IP magnetization component of the F
layer, the Fraunhofer patterns are offset (Hoffset) from
H = 0 and the central lobe is located between about
µ0Hoffset = −10 mT and µ0Hoffset = −20 mT, Figure
2. If the magnetization of the F layer were completely
OOP, the Fraunhofer pattern would be centered about
zero applied field, which is not the case here. Using the
assumption that the peak of the offset Fraunhofer pat-
tern is obtained when the applied field exactly cancels
the IP component of the magnetization (M IP), we can
estimate Hoffset by [45]
Hoffset =
−M IPdF
2λL + dF
, (1)
where dF is the thickness of the ferromagnet and λL is the
London penetration depth of the superconducting leads
[46]. Using the magnetization data obtained in Figure
1; if the magnetization is completely IP (M IP = M IPs ),
the Fraunhofer pattern should have µ0Hoffset = −47 mT.
From the transport data and the hysteresis loop, this is
not the case. Clearly only a fraction of the magnetiza-
tion remains in-plane due to the canting. We estimate
that the offset from this fraction of the total magneti-
zation (M IP = M IPr ) should have µ0Hoffset = −20 mT,
consistent with the transport data in Figure 2 (d). We
take this as supporting evidence that the magnetization
in the junctions is canted as these observations are sim-
ilar to a previous Josephson junction study of the weak
ferromagnet PdNi, which for large thicknesses (> 70 nm)
has both IP and OOP magnetization components [45].
Figure 3 shows the collated IcRN and ARN (area times
normal state resistance) for the Josephson junctions mea-
sured in this study. The F layer for all samples is fixed
as the [Co(0.4)/Ni(0.4)]×8/Co(0.4) multilayer. The high
consistency in ARN values between samples indicates
successful and reproducible Josephson junction fabrica-
tion. Plotted are S–N–F–N–S and S–NSOC–F–NSOC–S
where the N interlayer Cu(dCu) is not expected to con-
tribute significantly to spin-orbit coupling compared to
the NSOC Pt(dPt) interlayer. Also shown is the result
of a traditional equal-spin triplet Josephson junction, S–
F’–F–F’–S where the spin mixer F’ layers are Ni(dNi).
More completely, the triplet sample is: S–N–F’–N–F–N–
F’–N–S where the Cu(4.5) N layers separate each active
layer for the purpose of buffering the Ni growth and de-
coupling the magnetic switching of each ferromagnetic
layer.
The results for the Pt interlayer samples can be de-
scribed in three regimes. In the Pt interlayer thickness
range 0.5 nm ≤ dPt ≤ 2.5 nm the supercurrent (IcRN )
has a flat dependence on dPt and is small. Between
2.5 nm ≤ dPt ≤ 4.5 nm the supercurrent is enhanced with
increasing thickness. Finally, at larger thicknesses of Pt
the critical current has saturated and remains constant.
We would expect that upon increasing the thickness of
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FIG. 3. Top: Product of critical Josephson current times
normal state resistance vs interlayer thickness (dPt, dCu
or dNi, (nm)) for ferromagnetic Josephson junctions of the
form; S–N(dPt or dCu)–[Co(0.4)/Ni(0.4)]×8/Co(0.4)–N(dPt
or dCu)–S and red triangles S–Cu(4.5)–Ni(dNi)–Cu(4.5)–
[Co(0.4)/Ni(0.4)]×8/Co(0.4)–Cu(4.5)–Ni(dNi)–Cu(4.5)–S.
Bottom: Product of area times normal state resistance
for the same junctions. Each data point represents one
Josephson junction and the uncertainty in determining IcRN
is smaller than the data points. The scatter in ARN is most
likely sample-to-sample variation in A.
Pt much further the IcRN would begin to decay with ξPt
(which for Pt in this work, appears to be longer than for
Pt in our previous work [34]). The Cu interlayer sam-
ples follow a similar trend. We do not grow Cu samples
thinner than 2.5 nm due to the tendency of thin Cu to
grow in a nonequilibrium bcc phase on bcc Nb [47–49].
The saturation in IcRN occurs for Cu interlayers at the
thicker value of Cu= 6.5 nm, and the highest reported
IcRN for Cu is higher than any Pt sample.
V. DISCUSSION
The most striking feature of our experimental study is
the greatly enhanced IcRN in the S–F’–F–F’–S Joseph-
son junctions containing Ni(1.2) spin-mixer layers (Fig-
ure 3). From the wealth of previous literature on this
topic [6, 10, 38, 50], we can say with confidence that the
increased IcRN product is due to equal-spin triplet su-
percurrent present in these junctions (even though we do
not measure the decay length of the supercurrent in this
work). The IcRN values for these Josephson junctions
are consistent with previous work on Co/Ni multilayers
of comparable total thickness [38].
We do not attribute any of the observations of this
work to spin-orbit coupling mediating singlet-triplet con-
version. Compared to the Ni(1.2) traditional S–F’–F–F’–
S triplet samples, the IcRN product for the other Joseph-
son junctions in this study containing Cu or Pt interlay-
ers are between about ×50 and ×1000 lower. Even the
largest Pt IcRN is smaller than that of the Cu(6.5) sam-
ple, where we expect the contributions from spin-orbit
coupling to be negligible in comparison to Pt.
There are, however, other interesting trends in our
data. The IcRN increases dramatically with interlayer
thickness for both Pt and Cu interlayer samples and then
saturates within the thickness range of this study. The
increase in IcRN is larger for the Cu interlayer samples,
and the peak value for Cu(6.5) represents a ×100 increase
in IcRN from Cu(2.5). This result is very important in
the study of S–F–S Josephson junctions for cryogenic
memory devices. In the proposed Josephson magnetic
RAM (JMRAM) memory cell architecture, the S–F–S
Josephson junction acts as a passive phase shifter, so
must have Ic greater than the S–I –S junctions (where I
is an insulator) in the cell [51, 52].
The rapid increase in IcRN with increasing Cu and
Pt interlayer thickness we attribute to the type of subtle
structural effects present in our previous study with these
interlayers in Co/Ru/Co Josephson junctions [34]. In
that work, we found that junctions containing fcc Pt(0.5)
and fcc Cu(2.5) interlayers gave almost identical IcRN
products, which is also true in this work. However in this
work, increasing Pt thickness further enhances IcRN , the
opposite behavior to the previous study. The dependence
on Cu thickness was not studied previously, however it
is a reasonable assumption based upon other studies of
Co/Ru/Co that upon increasing the Cu thickness further,
IcRN would also have increased in that system [53]. We
attributed the observations of our previous work to the
fcc interlayers modifying the growth morphology of the
Co layers from a mixed fcc/hcp growth without the fcc
interlayers (a known phenomena creating stacking faults
in the Co grains [54], which may be responsible for sup-
pressing supercurrent) to pure fcc growth with the fcc in-
terlayers (which caused an increase in supercurrent prop-
agation by removing the stacking faults). The increasing
IcRN with interlayer thickness in this work is most likely
due to improved growth morphology of the Co/Ni multi-
layer by the same mechanism. We believe Co to be par-
ticularly susceptible to this phenomena; measurements in
our group of junctions containing Ni84Fe16 do not show
any change of IcRN with Cu thickness [55].
Although similar trends in IcRN are observed here
with Cu and Pt, the difference in the absolute values
of IcRN between Cu and Pt may be caused by structural
differences such as; roughness, nonequilibrium growth
modes [47–49], or strain caused by the different lattice
parameters (Cu = 0.361 nm, Pt = 0.392 nm). Also,
the magnetic moment gained by Pt in proximity to Co
[56, 57], or the different effective coherence lengths of the
two proximitized normal metals could reduce IcRN in the
thickest Pt samples compared to the thickest Cu.
Finally, we compare our current and previous exper-
5iment to theoretical predictions. In our previous work
[34] we reproduced the result of Bergeret et al., who con-
sider singlet-triplet conversion in the presence of spin-
orbit coupling [16]. For completeness, we reproduce that
theoretical description again. Bergeret et al. predict that
a ferromagnetic Josephson junction with Rashba and/or
Dresselhaus spin-orbit coupling will propagate equal-spin
triplet supercurrent under the condition that the vector
operator
[Aˆk, [Aˆk, haσa]] not be parallel to the exchange
field operator (hxσx, hyσy, hzσz), where the x direction is
OOP and y, z are IP components. The complete form of[Aˆk, [Aˆk, haσa]] is shown in equation (67) of their work,
which we modify here for our metallic system where the
contribution to spin-orbit coupling from Rashba is non-
zero (α 6= 0) and Dresselhaus is zero (β = 0) [16]:[Aˆk, [Aˆk, haσa]] = 4α2(2hxσx + hyσy + hzσz), (2)
where σ is the vector of the Pauli matrices and α is re-
ferred to in the literature as the Rashba constant. Equa-
tion (2) has components (2hx, hy, hz). Therefore, in order
to satisfy the condition for equal-spin triplet generation,
the exchange field components hx and at least one of hy
or hz must be non-zero, giving (2hx, hy, hz) a component
perpendicular to the exchange field.
In our previous work, a major shortcoming was the
predominant in-plane anisotropy (hx = 0 and hy or z 6= 0
in the notation of the theory) of the Co/Ru/Co F layers
[34]. In the context of the theory, it is clear why that ex-
periment should have failed to generate equal-spin triplet
supercurrent as (2) has only components parallel to the
exchange field. In this work we designed the study to sat-
isfy more closely the theoretical criteria of Bergeret et al.,
since our canted ferromagnetic layers showed large rema-
nence for IP, 45◦ and OOP applied fields (equivalent to
hx 6= 0, hy or z 6= 0) the Pt Josephson junctions in this ex-
periment should have produced equal-spin triplet super-
current. A possible discrepancy between the theoretical
prediction and our experiment is the multi-domain mag-
netic state of our F layer, which may not be accounted
for in the theoretical calculations. Alternatively, the effi-
ciency of singlet-triplet conversion by spin-orbit coupling
may be so poor that it falls below our experimental detec-
tion resolution, or the theoretical understanding of such
systems may be incomplete.
In the future it would be interesting to try non-metallic
S–F–S Josephson junctions with strong intrinsic spin-
orbit coupling. This could be accomplished by incorpo-
rating a semiconductor weak link with strong spin-orbit
coupling such as InAs [58] or InSb [59]. Although such
a system would be difficult to fabricate in the current
perpendicular to plane geometry of this work, a current
in plane geometry may be possible.
VI. CONCLUSIONS
This work compares the role of Pt and Cu interlayers in
Josephson junctions containing [Co/Ni]n/Co ferromag-
netic weak links, where the magnetization of the multi-
layer is neither in-plane nor out-of-plane. By comparing
the critical current of junctions with Pt or Cu interlay-
ers (where Pt has much larger contribution to spin-orbit
coupling than Cu), we find no evidence in this work for
spin-orbit coupling mediating singlet-triplet conversion.
Due to both fcc Pt and fcc Cu facilitating the growth of
the multilayer, a large enhancement in critical current is
observed for both interlayers in the thickness range (0 - 9
nm) studied here. This result has important implications
for Josephson junction devices in the field of superspin-
tronics, where large critical currents are desirable.
The data associated with this paper are openly avail-
able from the University of Leeds data repository [60].
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FIG. 4. Magnetic hysteresis loops acquired at a temperature of 10 K for the series S–N–[Co(0.4)/Ni(0.4)]×8/Co(0.4)–N–S
where the interlayer N (either Pt(2.5) or Cu(2.5)) and applied field orientation (either in-plane (IP) or out-of-plane (OOP))
are indicated on the individual loops. The diamagnetic contribution from the substrate has been subtracted. Values of M are
calculated from the measured total magnetic moments and areas of the samples, and the total nominal thicknesses of the Co
and Ni layers. The uncertainty in M is dominated by the area measurements (different portions of the samples were used for
each measurement), and is less than 5%. (1 kA/m = 1 emu/cm3).
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FIG. 5. Magnetic hysteresis loops acquired at a temperature of 10 K for the series S–Cu(2.5)–[Co(dCo)/Ni(0.4)]×8/Co(dCo)–
Cu(2.5)–S sheet film sample where the thickness of the Co and applied field orientation (either in-plane (IP) or out-of-plane
(OOP)) are indicated on the individual loops. The diamagnetic contribution from the substrate has been subtracted. Values
of M are calculated from the measured total magnetic moments and areas of the samples, and the total nominal thicknesses
of the Co and Ni layers. The uncertainty in M is dominated by the area measurements (different portions of the samples were
used for each measurement), and is less than 5%. (1 kA/m = 1 emu/cm3).
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FIG. 6. The zero field remanent magnetization at 10 K for the sample S–Pt(4.5)–[Co(0.4)/Ni(0.4)]×8/Co(0.4)–Pt(4.5)–S as a
function of angle for a set field of 600 mT applied in the same orientations as Figure 1 (a-c) of the main text. The background
signal due to the rotator has been subtracted. The lines are fits to a cosine function, y = A cos(x− xc) where A and xc are
free fit parameters. The fits are suggestive of a canting away from the direction of applied field by 10◦ ± 5◦ from the OOP set
field, 15◦± 5◦ from the 45◦ set field, and 19◦± 5◦ from the IP set field. Due to the small portion of the sample used to fit onto
the rotator holder and background signal from the rotator, the value of Mr is less reliable than the data in the main text on
the same sample, which was acquired using larger portions mounted in low background straws. The manufacturer quoted error
in sample angle is 10◦, however our own characterization suggests reproducibility of the angle is better than 5◦, except at the
extreme limits of sample travel. (1 kA/m = 1 emu/cm3).
